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Abstract. The rotating wall vessel has gained popularity 
as a clinical cell culture tool to produce hormonal im- 
plants. It is desirable to understand the mechanisms by 
which the rotating wall vessel induces genetic changes, if 
we are to prolong the useful life of implants. During 
rotating wall vessel culture gravity is balanced by equal 
and opposite hydrodynamic forces including shear stress. 
The current study provides the first evidence that shear 
stress response elements, which modulate gene expres- 
sion in endothelial cells, are also active in epithelial cells. 
Rotating wall culture of renal cells changes expression of 
select gene products including the giant glycoprotein 
scavenger receptors cubulin and megalin, the structural 
microvillar protein villin, and classic shear stress re- 
sponse genes 1CAM, VCAM and MnSOD. Using a pu- 
tative endothelial cell shear stress response element bind- 
ing site as a decoy, we demonstrate the role of this se- 
quence in the regulation of selected genes in epithelial 
cells. However, many of the changes observed in the 
rotating wall vessel are independent of this response el- 
ement. It remains to define other genetic response ele- 
ments modulated during rotating wall vessel culture, in- 
cluding the role of hemodynamics characterized by 3-di- 
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mensionality, low shear and turbulence, and cospatial 
relation of dissimilar cell types. 

Key words: Flow cytometry — Antisense oligos — Mi- 
crogravity — Astrobiology — Differential display 

Introduction 

The rotating wall vessel is a horizontally rotated cylin- 
drical cell culture device with a coaxial tubular oxygen- 
ator [6, 14, 36, 38, 39]. The rotating wall vessel induces 
expression of select tissue-specific proteins in diverse 
cells cultures [2, 6, 9, 12, 38]. The mechanisms by 
which the rotating wall vessel induces tissue-specific 
protein expression are postulated to be mediated by the 
provision of unique cell culture hemodynamics charac- 
terized by 3-dimensionaIity, low shear and turbulence 
and cospatial relation of dissimilar cell types [6, 37, 38]. 
The genetic mechanisms of rotating wall vessel culture 
have never before been analyzed. 

Rotating wall vessel technology has recently entered 
clinical medical practice by facilitating pancreatic islet 
implantation [31, 32], Pancreatic islets are prepared in 
rotating wall vessels to maintain production and regula- 
tion of insulin secretion. The islets are alginate encap- 
sulated to create a noninflammatory immune haven, and 
implanted into the peritoneal cavity of Type I diabetic 
patients. This implantation of pancreatic islets has 
maintained normoglycemia for 18 months in diabetic pa- 
tients, and progressed to Phase TTT clinical trials [31, 32]. 
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There is substantial interest both in applying similar 
technology to the delivery of numerous other hormones, 
and prolonging implant life by understanding the mecha- 
nisms of rotating wall vessel culture action. 

For a deceptively simple system, the engineering 
definition of the forces active in the rotating wall vessel 
is far from simple [6, 14, 15, 36, 37, 38]. Cell aggregates 
fall at terminal velocity in the vessels, with gravity bal- 
anced by a complex array of shear, centrifugal and other 
forces which produce slow spiraling corioius-induced 
particle motion. Mathematical modeling of the particle 
motion in the vessels is sophisticated, but complex and 
poorly intuitive [6, 14, 36, 38, 39], In the original analy- 
sis of the gravity-induced particle motion in these zero- 
head- space tissue culture vessels, the interpretation was 
that at "boundary conditions such vessels simulate mi- 
crogravity" [37, 38]. The rotating wall vessel delivers a 
controlled shear stress to the three-dimensional cell ag- 
gregates, far less than other shear stress models such as 
stirred fermentors, but substantially more than conven- 
tional 2-dimensionai flask or bag cultures [6, 14, 37, 38]. 
As shear is induced by the movement of cells against a 
stirring impeller and the vessel wall, these effects are 
minimized in the rotating wall vessel by reducing impel- 
ler size to nonexistent, and rotating the vessel wall with 
the culture [6, 37, 38]. 

Our lab is interested, not in rotating wall vessel en- 
gineering, but the cell biological mechanisms which me- 
diate changes in gene and protein expression in these 
vessels. Genetic shear stress response elements are 
known to mediate changes in endothelial cell gene ex- 
pression in response to flow [17, 18, 22, 25]. Although 
many of the classic shear stress response genes such as 
ICAM, VCAM and MnSOD are also expressed in many 
epithelial cells, shear stress response elements have not 
been examined in epithelial cells. This is because the 
degree of shear employed for gene induction in endothe- 
lial cells damages most epithelial cells. The modest 
shear stress in the rotating wall vessel makes it ideally 
suited to test if shear stress response elements mediate 
specific genetic changes in epithelial cells [6, 14]. 

We chose primary kidney cells as our model system 
for study as there is an acute need for cultural renal cells 
expressing differentiated features [9, 13, 24, 26]. Al- 
though, the kidney is the source of the hormone eryth- 
ropoeitin and the active 1-25-dihydroxy form of vitamin 
D3, no currently available cell line releases these hor- 
mones to facilitate regulatory study. The kidney also 
provides simply identifiable tissue specific markers. Mi- 
crovilli, with an abundant villin core, are easily detected 
on electron microscopy. 

Several lines of evidence suggest that other easily 
detected renal markers, the giant glycoprotein receptors, 
known as megalin and cubulin, mediate common neph- 
rotoxicities [4, 9, 21, 24, 26], Megalin is a 600 kDa 



single transmembrane domain glycoprotein receptor [271 
recently shown to be a receptor for polybasic drugs in- 
cluding the aminoglycoside antibiotics [20], and the re- 
ceptor responsible for delivery of vitamin D into renal 
cells [5]. Cubulin, a 460 kDa receptor, has proven to be 
the receptor for vitumin B12-intrinsic factor [30] and 
myeloma light chains [3]. Despite numerous differenti- 
ating maneuvers and reagents, there is no currently avail- 
able renal cell line which expresses megalin or cubulin 
[9, 24, 26]. This study examines the expression of cubu- 
lin, megalin and classic shear stress response genes dur- 
ing rotating wall vessel culture, and the mechanisms me- 
diating induced changes. 

Materials and Methods 

Cells 

Rat Renal Cortical Cells 

Ral renal cells were isolated from renal cortex harvested from eutha- 
nized Sprague Dawley rats (Harlan Sprague-Dawley, Cleveland, OH) 
as previously [81. In brief, renal cortex was dissected out with scissors, 
minced finely in a renal cell buffer 137 mmol NaCl, 5.4 mmol KC1, 2.8 
mmol CaC1 2 , 1.2 mmol MgCl 2t 10 mmol HEPES-Tris, pH 7.4. The 
minced tissue was placed in 10 ml of a solution of 0.1% Type IV 
collagenase and 0.1% trypsin in normal saline. The solution was in- 
cubated in a 37°C shaking waterbath for 45 min with intermittent 
titubalion. The cells were spun gently (800 rpm for 5 min), the super- 
natant aspirated, the cells nesuspended in 5 ml renal cell buffer with 
0.1% bovine serum, and passed through a fine (70 u,m) mesh. The 
fraction passing through the mesh was layered over a discontinuous 
gradient of 5% bovine serum albumin and spun gently. The superna- 
tant was again discarded. The cells were resuspended in DMEM/F-12 
medium (ciprofloxacin and fungizone treated) and placed into culture 
in various culture vessels in a 5% C0 2 95% O a incubator. 

Human Renal Cortical Cells 

Human renal cortical cells were isolated by Clonetics (San Diego, CA) 
from kidneys unsuitable for transplantation. Differential trypsinization 
resulted in cell fractions highly purified for proximal tubular cells 
compared to the natural mixture of cells in the renal cortex. The co- 
culture of the natural cell mix, and highly purified proximal tubular 
cells were cultured separately in a growth medium identical to condi- 
tions for the rat renal cells. 

Culture Techniques 
Rotating Wall Vessels 

When grown under conventional conditions in DMEM/F12 supple- 
mented with fetal calf scrum, and an antibiotic cocktail [ciprofloxacin 
and fungizone]. Both rat and human cells form a monolayer in con- 
ventional T-flask culture. To increase epithelial cell differentiation [6, 
281 renal cells were cultured in a rotating wall vessel known as a 55 ml 
Slow Turning Lateral Vessel (STLV) [6, 28]. The STLV is a horizon- 
tally cylindrical culture vessel, turning on its long axis, with a coaxial 
oxygenator. To initiate cell culture, the STLV was filled with medium, 
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and seeded by addition of cell suspension (2 x 10* cells/ml). Residual 
air was removed through a syringe port and vessel rotation was initiated 
at 10 rotations per min and maintained for 10-16 days. Medium was 
changed every 2 to 3 days depending on glucose utilization. Concomi- 
tant wiih cells, microcarrier beads were added an 5 mg/ml to promote 
aggregate formation in the STLV. Without beads the cells became 
shattered in the vessel in a few hours. Beads were cytodex-3 in all 
protocols except when electron microscopy was planned when easily 
sectioned Culti sphere GL beads were utilized. 

Stirred Controls 

To provide a stirred control, stirred fermentor culture vessels which 
mix in the horizontal plane were loaded with identical concentrations of 
cells and beads from the same pool added to the STLV [6, 15, 33]. 

Static Controls 

Gas permeable Fluoroseal bags (Fluoroseal. Urbana, IL) in 7 or 55 ml 
size were selected as conventional static controls. Culture beads were 
added to the conventional controls at the same density as the STLV 
cultures [6, 28]. 

Electron Microscopy Quantitation of Number 
Or Microvilli 

Transmission electron micrographs were performed on cell aggregates 
from the rotating wall vessels and conventional monolayers. Cells 
were washed with ice-cold phosphate buffered saline, then fixed for 
electron microscopy with 2.5^ glutaraldehyde in phosphate buffered 
saline [9. 10]. The samples were then transferred to 1# osmium te- 
n-oxide in 0.05 M sodium phosphate (pH 7.2) for several hours, dehy- 
drated in an acetone series followed by embedding in Epon. Lead- 
stained thin sections were examined and photographed using a Phillips 
EM/200 electron microscope. For electron microscopy the easily sec- 
tioned Culti spere GL beads, replaced Cytodex-3 which are difficult to 
section. 

Flow Cytometry Analysts of Cells 
and Membranes 

Flow cytometry' analysis was performed on a Becton Dickinson FAC- 
Star flow cytometer using a dedicated Consort 30 computer [8, 9, 10]. 
Excitation was at 488 nm using a Coherent 5W Argon-ion laser. For 
each particle, emission was measured using photomulti pliers at 530 ± 
30 nm and 585 ± 26 nm. Data were collected as 2,000 event list mode 
files and were analyzed using LYSYS software. 

Analysis of the Proximal Tubule Epithelial 
Marker, 7-Glutamyl Transpeptidase 

Cellular enzymes were labeled for flow cytometry analysis on a cell- 
by-cell basis as previously [8]. To measure -y-glulamyl transpeptidase 
activity, a 7-gIu- derivative of 4-methoxy-P-naphthylamine [4-MNA] 
(Enzyme System Products, Livermore, CA) was employed. The en- 
zyme specifically cleaves this substrate, liberating free 4-MNA. In the 
presence of 5-nilrosalicaIdehyde (5-NA) at pH 6.0, free 4-MNA is 
almosl instantaneously trapped and precipitated. The product of 
4-MNA and 5-NA is fluorescent in the visible spectrum, excited at 
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488nm with a broad emission spectrum from 5 lOnm through 680nm [7] 
facilitating simple flow cytometry analysis. 

Analysis of the Endosomal Distribution of 
Megalin and Cubulin by Flow Cytometry 

To quantitate the total and endosomal expression of cubulin and mega- 
lin in conventional culture, stirred fermentors and STLV rotating wall 
vessels (SYNTHECON ) 0.3 mg/ml I OS fluorescein-dextran was to 
each cell culture for 10 minutes at 37°C in the C0 2 incubator. This 
loads an entrapped fluorescent dye into the early endosomal pathway 
[9, 10]. Cells were then immediately diluted into ice-cold phosphate 
buffered saline and washed once. Next the cells were homogenized 
with 6 passes of a tight fitting glass-Teflon motor driven homogenizes 
A postnuclear supernatant was formed as the 1 1,000 x g supernatant, 
180,000 x g pellet of membrane vessels. 

Aliquots of membrane vesicles were labeled with megalin or 
cubulin antisera. The megalin and cubulin antisera are rabbit poly- 
clonals raised to affinity purified and chromatographically pure recep- 
tor [21, 26]. Membrane vesicles were first preincubated in 50% normal 
goat serum for 2 hr to reduce nonspecific binding of secondary antisera 
raised in goat. After washing aliquots of membrane vesicles were 
stained with serial log dilution of antisera and incubated at 4°C over- 
night. After further washing 1:40 of goat anti-rabbit affinity purified 
rat preabsorbed phycoerthyrein conjugated secondary antiserum was 
added, and incubated for 4 hr at room temperature. Prior to flow cy- 
tometry the membrane vesicles were washed and resuspended in 200 
rrtM mannitol 100 mM KG, 10 mM HEPES pH 8.0 with Tris to which 
had been added 10 p.M nigericin. In the presence of potassium nigeri- 
cin collapses pH gradients, ensuring optimal fluorescence of the highly 
pH dependent fluorescein-dextran emission. Fluorescein-dextran and 
antibody staining lagged by phycoerythrein were now analyzed and 
colocalized on a vesicle-by- vesicle basis by flow cytometry. 

Two Dimensional Gel Electrophoresis Analysis of 
Protein Content 

Two-dimensional electrophoresis was performed according to the 
method of OTarrell [23] by Kendrick Labs (Madison, WI) as follows: 
Isoelectric focusing was carried out in glass tubes of inner diameter 2.0 
mm, using 1% pH 2.5-5 ampholines (LKB Instruments, Baltimore, 
MD> and l*7r pH 4-8 ampholines (BDH from Hoefcr Scientific Instru- 
ments, San Francisco, CA) for 9600 volt-hrs. One u.g of an IEF inter- 
nal standard, tropomyosin protein, with lower spot M.Wt 33,000 and pi 
5.2 was added to the samples. This standard is indicated by an arrow 
on the stained 2-D gel. After equilibration for 10 min in Buffer "O* 
(I0# glycerol, 50 mM dilhiotheitol, 2.3% SDS and 0.625 M Tris, pH 
6.8) the tube gels were scaled to the top of a stacking gel which is on 
top of a \0 c /r acrylamide slab gel (0.75 mm thick). SDS slab gel 
electrophoresis was then carried out for about 4 hr at 12.5 mA.gel. 
Proteins standards appear as horizontal lines on the Coomassie Brilliant 
Blue R-250 stained lOtf acrylamide slab gels. 

Differential Display 

Differential display of expressed genes was compared in aliquots of the 
same cells grown in a 55 ml rotating wall vessel (STLV) or conven- 
tional gas permeable 2-dimensional bag controls. Differential display 
was performed using Delta RNA Fingerprinting system (Clonetech 
Labs, Palo Alto, CA). Copies of expressed genes were generated by 
polymerase chain reaction using random 25 mer primers and separated 
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on u 6*£ DNA sequencing gel. Bands of different intensity between 
control and STLV, representing differentially expressed genes, were 
identified by visual inspection, excised and reamplified using the same 
primers. Differential expression and transcript size were confirmed by 
Northern hybridization. PCR products were then subcloned into the 
pGEM-T vector (Promega, Madison, WI) and sequenced using fMOL 
cycle sequencing system (Promega, Madison. WI). Sequences were 
compared to the Gencbank sequences using the BLAST search engine 
(National Center for Biotechnology Information). For genes of interest 
the bands were labeled with * 2 P for confirmation of the changes by 
N on hern blot analysis. 

Detection of Gene Expression in Cell Cultures by 
Semiquantitative RT-PCR 

Cell aggregates from the rotating wall vessel or bag cultures were 
washed once in ice-cold phosphate buffered saline and snap frozen at 
-70°C until RNA was isolated. Total RNA was isolated using Trizol 
(GibcoBRL). First strand cDNA was reverse transcribed from 2 p.g of 
total RNA using random primers and Superscript H RT (GibcoBRL). 
Before cDNAs were subjected to semiquantitative RT-PCR they were 
normalize by PCR using I8S rRNA primers/copctimers from the Quan- 
tumRNA Quantitative RT-PCR Module (Ambion, Austin, TX) and 
primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
Twenty percent of the PCR reaction was electrophoresed on agarose/ 
cthidium bromide gels and visualized under UV light. Electrophoresis 
results were recorded and quantitated using the Kodak Digital Science 
ID Image Analysis Software. Semiquantitative PCR for each gene of 
interest was performed at two concentrations of cDNA and 28 and 32 
cycles of amplification to ensure we made measurements on the initial 
linear portion of the response curve. A control PCR with GAPDH was 
also carried out with each cDNA to assure that the input of RNA and 
reaction efficiencies were all similar. The PCR reactions were electro- 
phoresed and quantitated as described above. 

Genetic Decoys 

Double stranded genetic decoys matching the sequence of a known 
shear stress response element were synthesized* (Chemicon Interna- 
tional, La Jolla, CA) [structure and sequence shown at top of Fig. 4], 
These decoys had a terminal phosphothi orate moiety to prevent intra- 
cellular lysis, and a phosphodiester backbone to facilitate passage 
across cell membranes [29]. Passage to and accumulation in the 
nuclear compartment of cultured cell was confirmed by confocal im- 
aging of a fluorescein tagged decoy. Three decoys were synthesized: 
the active decoy, a random sequence control in which the six bases of 
the shear stress response element were scrambles, and a fluorescein 
conjugated form of the decoy. Decoys were placed in the cell culture 
medium of rat renal cortical cells grown as above in conventional 2 
dimensional culture. Aliquots of cells exposed to control or active 
sequence decoy at 80 nm concentration were harvested at 2, 6, and 24 
hr after exposure. 

Genetic Discovery Array 

A sample of human renal cortical cells grown in conventional flask 
culture was trypsin ized and split into a gas permeable bag control and 
a rotating wall vessel (55ml STLV). After 8 days of culture on 5 mg/ml 
cytodcx-3 beads, cells were washed once with ice-cold phosphate buff- 
ered saline, the cells were then lysed and mRNA was selected with 
bioiinylated oligo(dT) then separated with streptavidin paramagnetic 



particles (PolyATtract System 1000, Promega Madison, Wl). ?2 P- 
labeled cDNA probes were then generated by reverse transcription with 
32P dCTP. The cDNA probes were hybridized to identical Gene Dis- 
covery Array Filters (Genome Systems, St. Louis, MO). The Gene 
Discovery Array filters contain 18,394 unique human genes from the 
I.M.A.G.E. Consortium (LLNL] [16] cDNA Libraries which are ro- 
botically arrayed on each of a pair of filter membranes. Gene expres- 
sion was then detected by phosphor imaging and analyzed using the 
Gene Discovery Software |Genome Systems] [16], 



Results 

The proportion of proximal tubular cells in human renal 
cell fractions isolated by differential trypsinization was 
assayed using an entrapped fluogenic substrate for the 
proximal enzyme marker 7-glutamyl-transferase 
[8], Flow cytometry analysis on a cell-by-cell basis 
showed rat renal cortical cells were 75 ± 4% (n = 4) 
proximal tubules as determined by flow cytometry analy- 
sis of aliquots for the proximal marker 7-glutamyl trans- 
ferase using Schiff base trapping of cleavage products of 
L-7-glu-4-methoxy-4-p-naphthylamine [8]. Flow cy- 
tometry analysis of 7-gtutamyl-transferase in the natural 
cell mixture in the human renal cortex to be 85 ± 4%, /? 
= 4 proximal tubular cells (Fig. \a t left panel). Follow- 
ing differential trypsinization, and selection of thi: jurist 
fractions, proximal tubular enrichments as high as 99 ± 
1 % could be achieved (right panel). As reported in other 
systems, rotating wall vessels are conductive to cell 
growth, as evidenced by the rate of glucose consumption 
assayed as 30 mg/dl glucose/ 100,000 cells/day in both 
rotating wall vessel and static control cultures. A cell 
doubling time of 4 ± 3 days was assayed using Alamar 
blue in the rotating wall vessel compared to 4 ± 2 days in 
conventional culture (n = 4). 

The ultrastructure of cultures of pure proximal tu- 
bular cells or renal cortical cell mixtures of human kid- 
neys grown in rotating wall vessels for 16 days were 
examined by transmission electron microscopy (Fig. \b). 
Quantitation of the number of microvilli present by 
counting random plates at the same magnification dem- 
onstrates not only that the rotating wall vessel induces 
microvillus formation, but coculture with the normal mix 
of renal cortical cells increases the effect. Normal cor- 
tical cell mix in conventional 2-D culture has 2 ± I 
microvilli per field (n = \2 fields examined); "pure** 
proximal tubular culture in rotating wall vessel has 10 ± 
4 microvilli per field; and the normal cortical cell mix in 
rotating wall vessel has 35 ± 1 1 microvilli per field. Fig- 
ure \b depicts in vivo native rat proximal tubule in upper 
right panel, conventional culture in upper middle two 
panels, and STLV culture upper right and lower bay of 
panels. 

To examine the expression of megalin and cubulin 
in renal cells in culture there are advantages to switch 
from human to rat cells. Specifically, the rat sequences 
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Fig. I. Homogeneity and structure of human renal epithelial cells in culture. Flow cytometry frequency histograms demonstrate number of cells 
positive for the proximal tubular marker ^-glutamyl transferase, {a) The number of cells with ^-glutamyl transferase activity is shown as the 
frequency of activity in 2,000 cells compared to an unstained control with trapping agent alone. This is the raw digest of human renal cells (left 
panel Fig. \a). Following differential trypsinization the percentage of proximal tubular cells present can be increased to 99 ± \ % (right panel Fig. 
\a), (b) Transmission electron micrographs of human epithelial cells in culture. The intact renal cortex in vivo (upper left panel), is compared to 
the culture of the natural mixture of human renal cortical cells in conventional 2-dimensionaI culture (upper middle left panel) which is completely 
devoid of microvilli. Rotating wall vessel culture of pure proximal tubular cells shows some microvilli (upper middle right panel) but there are far 
more microvilli during rotating wall vessel culture of the natural mix of renal cortical cells (upper right panel). Compared to these representative 
images, some areas of the natural mixture of cells in the rotating wall vessel show much greater abundance of microvilli (lower left panel), and well 
defined desmosomes (lower right panel) which are lacking in the other cultures. 



of megalin and cubulin have been cloned, while the hu- 
man sequences have not, and our antisera recognize the 
rat but not the human isoforms of these proteins. Hence, 
the natural mixture of cells in the rat renal cortex was 
placed into culture in rotating wall vessels, stirred fer- 
mentors, and traditional culture for analysis of protein 
expression. 



As the endosoma! pathway has been implicated to 
play a central role in the function and pathophysiology of 
cubulin and megalin we began by colocalizing an en- 
trapped endosomal marker with receptor antibody bind- 
ing. The ability of flow cytometry to make simultaneous 
measurements of entrapped fluorescein dextran as an en- 
dosomal marker and antibody binding allows construe- 
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tion of three dimensional frequency histograms display- 
ing entrapped fluorescein dextran fluorescence against 
antibody binding on horizontal axes and number of 
vesicles in each channel up out of the page (Fig. 2, left 
column of diagrams). A control sample shows vesicles 
negative for fluorescein on the left and fluorescein con- 
taining endosomes on the right (2000 vesicles depicted, 



left upper panel). A control without fluorescein en- 
trapped shows only the left population (not shown). Co- 
localization of anti-cubulin binding demonstrates that all 
the fluorescein positive endosomes are positive for cubu- 
lin, while nonendosomal membranes can be subdivided 
into cubulin positive and negative populations, (left col- 
umn, middle panel). This pattern is repeated for anti- 
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Fig. 2. Protein expression in the rotating wall vessel. (</) Left column. Analysis of the expression and endosoma! compart mentation of megalin and 
cubulin in renal cells following rotating wall vessel culture. The ability of flow cytometry to make simultaneous measurements of entrapped 
fluorescein dextran as an endosomal marker and antibody binding allows construction of three-dimensional frequency histograms displaying 
entrapped fluorescein dextran fluorescence against antibody binding on horizontal axes and number of vesicles in each channel up out of the page. 
A control sample shows vesicles negative for fluorescein on the left and fluorescein containing endosomes on the right (2000 vesicles depicted upper 
left panel). A control without fluorescein entrapped shows only the left population (not shown). Colocali/alion of anti-cubulin binding demonstrates 
that all the fluorescein positive endosomes are positive for cubulin, while nonendosomal membranes can be subdivided into cubulin positive and 
negative populations (left middle panel). This pattern is repeated for anti-megalin binding in renal cortical cells Cleft lower panel) [representative 
of // - 3]. (b) Right column, upper two panels. Quantitation of cubulin, and megalin antibody binding lo renal cell membranes under various culture 
conditions. Analysis of protein expression in cultured cells by antibody binding used classic serial log dilution antibody curves. An increase in 
binding with a decrease in dilution is pathognomonic for specific antibody binding during flow cytometry analysis. Binding of anticubulin antisera 
to membrane vesicles prepared from renal cortical cells after 16 days in culture, detected by the fluorescence of a phycoerthyrein tagged secondary 
antibody, shows an almost two log increase in binding with antibody dilution (upper left panel). This increased cubulin antibody binding in the cells 
grown in the rotating wall vessel (STLV) is more than five times the expression seen in stirred fermentors. Similarly there was no delectable 
expression in the conventional cultures resulting in a flat line (not shown). Binding of normal serum and minimal dilution of primary antisera were 
not detectably different. Binding curves for anti-megalin antiserum showed a similar pattern (not shown). Figure 2 (middle right panel) depicts 
nonspecific (minimum) and peak binding of each antiserum following rotating wall vessel culture [representative of n = 3], (c) Right column, lower 
panels. Two-dimensional SDS-PACE analysis of protein content of cells following rotating wall vessel culture. Analysis of the protein content of 
cultures of the natural mixture of rat renal cortical cells after 16 days culture in gas permeable bags as a control (lower right panel) or rotating wall 
vessel depicts changes in a select set of proteins. Molecular weight (14-220 kDa) on the abscissa is displayed against isoelectric point (pH 3-10) 
on the ordinate [representative of n - 2). 



megalin binding in renal conical cells (left column, 
lower panel) in culture. 

Next, analysis of protein expression in cultured cells 
by antibody binding used classic serial log dilution an- 
tibody curves. An increase in binding with a decrease in 
dilution is pathognomonic for specific antibody binding 
during flow cytometry analysis. Binding of anti-cubulin 
antisera to membrane vesicles prepared from renal cor- 
tical cells after 16 days in culture, detected by the fluo- 
rescence of a phycoerythyrein tagged secondary anti- 
body, shows an almost two log increase in binding with 
antibody dilution (Fig. 2, upper right panel). This in- 
crease in the cells grown in the rotating wall vessel 
(STLV) is more than five times the expression seen in 
stirred fermentors. Similarly there was no detectable ex- 
pression in the conventional cultures resulting in a flat 
line (not shown). Comparison of maximal binding of the 
anti-cubulin antibody to a minimum taken to be the an- 
tibody dilution at which there is no further decline in 
signal with primary antibody dilution is shown in Fig. 2, 
right middle panel. Binding of normal serum and mini- 
mal dilution of primary antisera were not detectably dif- 
ferent. Binding curves for anti-megalin antiserum 
showed a similar pattern (not shown) but the peak bind- 
ing was a little lower (Fig. 2, middle panel). Again 
stirred fermentor has much less expression than the ro- 
tating wall vessel (STLV) and the conventional cell 
membranes have no detectable binding (not shown). 

To get an idea of the proportion of proteins changing 
in the rotating wall vessel, we performed two- 
dimensional gel SDS-PAGE analysis on cultures grown 
in the rotating wall vessel and bag controls (Fig. 2, lower 
right panels). This demonstrates changes are in a select 
group of proteins. 



To identify the genes changing during rotating wall 
vessel culture we performed differential display. Differ- 
ential display of expressed genes was compared in alt- 
quots of the same rat renal cells grown in a 55 ml rotating 
wall vessel (STLV) or conventional gas permeable 2-di- 
mensional bag controls. Differential display of copies of 
expressed genes were generated by polymerase chain 
reaction using random 25 mer primers and separated on 
a 6% DNA sequencing gel (Fig. 3, lower left panel). 
Bands of different intensity between control and STLV, 
representing differentially expressed genes, were identi- 
fied by visual inspection, excised and reamplified using 
the same primers. Differential expression and transcript 
size were confirmed by Northern hybridization (Fig. 3, 
lower middle panel). PCR products were then subcloned 
into the pGEM-T vector and sequenced. Sequences were 
compared to the Genebank sequences using the BLAST 
search engine. One expressed gene which decreased in 
the STLV (band D on gel Fig. 3a) was identified as rat 
manganese-containing superoxide dysmutase (98% 
match 142 of 144 nucleotides). Two genes which in- 
creased in the STLV were confirmed by Northern blot 
analysis (Fig. 3, lower middle panel). Band A was iden- 
tified as the interleukin-l beta gene (100% match for 32 
of 32 nucleotides). Band B, a clone of only a few hun- 
dred base pairs, corresponded to a 20 kB transcript on a 
Northern blot, and is an unidentified gene that has a 76% 
homology to the mouse GABA transporter gene (on 
BLAST search). 

To examine the genetic changes in specific genes we 
examined the expression of tissue specific epithelial cell 
markers, and classic shear stress response dependent 
genes by RT-PCR (Fig. 3). Several genes specific for 
renal proximal tubular epithelial cells, including mega- 
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Fig. 3. Gene expression in the rotating wall 
vessel. (</) Upper panel. Differential display of 
genetic expression of rat renal cortical cells grown 
in conventional culture or rotating wall vessels. 
Differential display of expressed genes was 
compared in aliquots of the same cells grown in a 
55 ml rotating wall vessel (STLV) or conventional 
gas permeable 2-dimensional bag controls. For 
differential display copies of expressed genes were 
generated by polymerase chain reaction using 
random 25 mer primers and separated on a 6% 
DNA sequencing gel (lower left panel). Bands of 
different intensity between control and STLV, 
representing differentially expressed genes, were 
identified by visual inspection, excised and 
reamplified using the same primers. Differential 
expression and transcript size were confirmed by 
Northern hybridization (lower middle panel). PCR 
products were then subcloned into the pGEM-T 
vector and sequenced. Sequences were compared 
to the Genebank sequences using the BLAST 
search engine. One expressed gene which 
decreased in the STLV (band D on gel above) was 
identified as rat manganese-containing superoxide 
dysmutasc (98# match 142 of 144 nucleotides). 
Two genes which increased in the STLV, band A 
was identified as the inlcrlcukin-l beta gene 
(100% match for 32 of 32 nucleotides) and Band 
B which corresponded to a 20 kB transcript on a 
Northern blot appears to be a unidentified gene 
that has a 76% homology to the mouse GAB A 
transporter gene (lower middle panel), (b) Lower 
right panel. RT-PCR of time dependent change in 
genes during rotating wall vessel culture. 
Semiquantitative RT-PCR shows acute time 
dependent in the epithelial genes extracellular 
calcium sensing receptor (Ca Sensor), villin and 
the shear stress response element genes MnSOD. 
ICAM, and VCAM. (upper panel). There is no 
change in p-actin or GADPH. Unlike in 
endothelial cells many of these changes are 
prolonged as at 16 days MnSOD, villin and 
megalin (Gp330) changes persist (lower right 
panel) | representative of n = 3]. 



lin, cubulin, the extracellular calcium sensing receptor 
(Ca Sensor), and the microvillar structural protein villin, 
increase early in rotating wall vessel culture (Fig. 3 upper 
panel). Similarly there were dynamic time-dependent 
changes in classic shear stress-dependent genes includ- 
ing ICAM which increased, and MnSOD and VCAM 
which were suppressed. Many but not all of these 
changes were prolonged, as after 16 days in culture gene 
expression of megalin (Gp330) is still elevated, MnSOD 
is still suppressed while villin is back at control levels 
(Fig. 3 lower right panel). Expression of control 
GADPH, p-actin and I8S genes did not change through- 
out the time course. 

To test for a role of a putative endothelial shear 
stress response element in these renal cortical cell 
changes, we synthesized an antisense probe for the se- 
quence (Fig. 4, upper panel). A control probe had the 



active motif scrambled. Confocal imaging of a fluores- 
cein conjugated form of the probe confirmed nuclear 
delivery of the probe {images not shown). Culture of rat 
renal cortical cells in 80 nm of the probe, resulted in a 
time dependent decrease in MnSOD, but no change in 
villin gene expression (Fig. 4 lower panels). Gene ex- 
pression in cells receiving no treatment (NT) was no 
discernibly different from cells treated with a scrambled 
sequence control probe (control). 

To confirm the genetic responses to rotating wall 
vessel culture, and return the analysis to human cells we 
performed automated gene display analysis of expressed 
RNA on human renal cortical cells grown in a control 
gas-permeable bag and the STLV for 8 days 116]. Of the 
more than 1 8,000 genes assayed a select group was again 
observed to change (Fig. 5). In particular, vectored 
changes in all the classic shear stress response genes we 
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Fig. 4. Structure and effects of antisense probe for 
shear stress response element on rat renal cortical 
epithelial cells, (a) upper panel. Structure. The 
probe with sequence 

CTGAGACCGATATCGGTCTCAG has two 
possible conformations. As a single strand it 
would fold back on itself to form a binding 
element for the transcription factor. As a double 
strand it would then have two binding sites for the 
transcription factor, one in the sense orientation 
and one in the antisense orientation, (b) Lower 
panel. Effects of antisense shear stress response 
element probe on time dependent gene expression. 
The antisense probe added to conventional 
2 -dimensional cultures of rat renal cortical cells at 
80 nm decreases MnSOD in a time dependent 
manner. Comparison is made to controls with the 
active binding site scrambled (control) and cells 
receiving no treatment (NT). In contrast to effects 
on MnSOD, the antisense probe for a known shear 
stress response element has no effect on villin 
gene expression [representative of n = 3]. 



assayed by RT-PCR and differential display in rat cell 
culture were confirmed. A battery of tissue-specific 
genes was increased including villin, angiotensin con- 
verting enzyme, parathyroid hormone receptor and so- 
dium channels. Other physical force dependent genes 
such as heat shock proteins 27/28 kDa and 70-2 changed, 
as did focal adhesion kinase, and a putative transcription 
factor for shear stress responses NF-kP. Fusion proteins 
such as synaptobrevin 2 show mildly decreased gene 
expression. Several cytoskeleton proteins such as clath- 
rin light chains have continued change at steady state, 
consistent with the dramatic structural changes observed. 
Last, several transcription factors undergo large changes 
in gene expression, although their role remains to be 
defined. 



Discussion 

The rotating wall vessel bioreactor provides quiescent 
colocalization of dissimilar cell types [6, 33]; mass trans- 
fer rates that accommodate molecular scaffolding; and a 
micro-environment that includes growth factors [6, 33]. 
Engineering analysis of the forces active in the vessel is 
complex [6, 1 4, 36, 37, 38]. This study provides the first 
evidence for the cell biological mechanisms by which the 
vessel induces changes in tissue specific gene and pro- 
tein expression. 



There are two possible explanations why the rotating 
wall vessel induces an order of magnitude more expres- 
sion of the renal toxin receptors cubulin and megalin 
than stirred fermentor culture. First, there are dramatic 
differences in the degree of shear stress induced. The 
rotating wall vessel induces 0.5-I.0 dynes/cm 2 shear 
stress [61, while stirred fermentors induce 2-40 dynes/ 
cm 2 depending on design and rotation speed [6, 14, 331. 
This degree of stress damages or kills most epithelial 
cells [6, 14, 33], Second, impeller trauma in the stirred 
fermentor, is absent in the rotating wall vessel. This ex- 
plains why there was far more cubulin and megalin in- 
duced in renal cultures in rotating wall vessel culture 
than a stirred fermentor. Neither receptor was detectable 
in conventional 2-dimensional culture. 

Rotating wall vessel culture induced changes in a 
select set of genes, as evidenced by the genetic differen- 
tial display gels, the 2-dimensional protein gel analysis, 
and robotic automated gene display. We can interpret 
mechanistic information from knowledge of the pattern 
of response and distribution of certain gene products. 

Megalin and cubulin represent the first pattern of 
change, as these proteins are restricted in distribution to 
renal cortical tubular epithelial cells. The increase in 
megalin mRNA and protein, and cubulin protein expres- 
sion is therefore unequivocal evidence for changes in the 
epithelial cells. This provides an important new tool for 
studies of nephrotoxicity. Long suspected to play a role 
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Fig, 5. Bag Int: The Average normalized intensity for the two points for this clone found on the bag filter 

STVL Int: The Average normalized intensity for the two points for this clone found on the STLV filter 

Score: The Ratio times the absolute Int. Diff arc multiplied to give the score. This is the value used to rank the various hits. 

Ratio: This is the Ratio of the average normalized intensities of the two filters for each spot. This is only listed for values greater than I. The 

maximum is set at 9.999 which occurs when the normalized spot in one filter is zero, but the normalized intensity of the second spot is large. 

Int* DifT: Intensity Differential. This is the difference between the two average normalized intensities. 

GB Acc: Gen Bank Accession number 

SSRE: Shear stress response element 

Bag Int: The Average normalized intensity for the two points for this clone found on Bag filter. 

STLV Int: The Average normalized intensity for the two points for this clone found on STLV filter 

Score: The Ratio times the Tnt. Diff are multiplied to give the score. This is the value used to rank the various hits. 

Ratio: This is the Ratio of the average normalized intensities of the two filters for each spot. This is only listed for values greater than 1. The 
maximum is set at 9.999 which occurs when the normalized spot in one filter is zero, but the normalized intensity of the second spot is large. 
Int. DifT: Intensity Differential: This is the absolute difference between the two average normalized intensities. 
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in renal toxicity, the tissue restricted giant glycoprotein 
receptors megalin and cubulin, have recently been shown 
directly to be receptors for common nephrotoxic. 
Megalin [27] is a receptor for polybasic drugs such as the 
aminoglycoside antibiotic gentamicin [20] and vitamin D 
binding protein [5], and cubulin is the receptor for vita- 
min-B12 intrinsic factor [30], and myeloma light chains 
[3]. Although these receptors are expressed by trans- 
formed placental cells in culture [9, 26], there is cur- 
rently no renal model expressing these markers for toxi- 
cology investigations [24]. Rotating wall culture pro- 
vides a fresh approach to expression of renal specific 
markers in culture for study on the pharmacology, bio- 
chemistry and toxicology which define the unique prop- 
erties and sensitivities of renal epithelial cells. 

The second pattern of change is represented by vil- 
lin. Message for the microvilli protein villin increases in 
the rotating wall vessel in the first day of culture, and we 
soon observed reformation of microvilli. A decoy 
matching the nuclear binding motif of a putative shear 
stress response element failed to induce similar changes. 
Although the promoter for villin has not been cloned, this 
suggests the changes in villin were induced by other 
transcription factors which may be due to shear stress or 
other stimuli in the bioreactor. Villin is also restricted to 
brush border membranes such as renal proximal tubular 
cells, or colonic villi [K 4], The observed increases in 
villin message resolved after 16 days of rotating wall 
vessel culture. 

MnSOD represents a third pattern of response: a 
mitochondrial enzyme, ubiquitous is distribution, modu- 
lated by the classic shear stress response element in en- 
dothelial cells [25, 34]. MnSOD message decreased 
early in the first day of rotating wall vessel culture, and 
this was persistent after 16 days in culture. These 
changes were confirmed both when MnSOD was iden- 
tified as suppressed in the differential display analysis of 
gene changes, and Northern blot confirmation per- 
formed, as well as on robotic gene display analysis. As 
would be predicted a decoy for the classic shear stress 
response element induced a decrease in MnSOD. Other 
shear stress response element dependent genes, specifi- 
cally, ICAM and VCAM had changes in the rotating wall 
vessel opposite to MnSOD, mirroring observations made 
during flow induced stress in endothelial cells [25, 34]. 
This provides four lines of evidence consistent with a 
role for shear stress as one mediator of genetic changes 
induced in the rotating wall vessel. 

Differential display of the genes activated and deac- 
tivated under rotating wall vessel culture conditions 
showed rotating wall vessel culture is associated with 
decreased expression of manganese dependent superox- 
ide dismutase mRNA and increased expression of inter- 
leukin-1 P gene mRNA. This greatly extends and brings 
together previous observations on the interactions of 



stress, manganese dependent superoxide dismutase ex- 
pression and interleukin-1. Topper et al. [34] report that 
an oppositely directed effect: differential display of vas- 
cular endothelial cells exposed to high stress demon- 
strates increased manganese dependent superoxide dis- 
mutase gene expression. Other direct evidence links su- 
peroxide dismutase and interleukin-1 as increases in 
manganese superoxide dismutase decrease interleukin-Ia 
levels in HT-1080 fibrosarcoma cells [19]. In more in- 
direct evidence over expression of mitochondrial man- 
ganese superoxide dismutase promotes the survival of 
tumor cells exposed to interleukin-I [II]. The current 
study provides direct evidence that modest shear stress 
decreases MnSOD in association with an inverse effect 
on interleukin-1. 

Our data demonstrate internal consistency. The 
changes in MnSOD were observed on differential dis- 
play, confirmed by Northern blot analysis, and matched 
responses were detected by both RT-PCR and robotic 
gene discovery analysis. Megalin demonstrated matched 
changes in RT-PCR gene and protein expression. 
Changes in villin observed by RT-PCR were associated 
with dramatic reformation of microvilli, in which villin is 
a major structural protein. Although semiquantitative 
RT-PCR is prone to inherent variation due to the massive 
amplification of signals, the use of multiple controls 
which remain unchanged ((3-actin, GAPDH and 18S), 
and experimental confirmation that reactions were lin- 
early related to cDNA concentration, minimizes these 
problems. The internally consistent findings by other 
methods strongly suggests our RT-PCR data is valid. 

Study of the mechanisms of action of the rotating 
wall vessel to induce gene and protein expression during 
cell culture has been hampered by nomenclature. First, 
the attachment of the moniker "simulated microgravity," 
based on engineering analysis of boundary conditions, 
clouds intuitive analysis of the cell biology as there is no 
cellular equivalent for this term [6, 36, 37, 38]. Similarly 
the reduced shear stress in the rotating wall vessel com- 
pared to stirred fermentors lead to the term "reduced 
shear stress culture" [6], whereas there is increased shear 
stress compared to conventional 2-dimensional culture 
[6, 14]. We hope that this article is the beginning of a 
transition from engineering analysis to investigation of 
mechanisms of biological response in the rotating wall 
vessel. As cell aggregates remain suspended in the ro- 
tating wall culture vessels, gravity is balanced by an 
equal and opposite force. We document several lines of 
evidence that shear stress responses are one of the com- 
ponent of the biological response. This opens the door 
for analysis of other biological response mediators in the 
vessels, and investigation as to whether unloading of 
gravity plays as big a role as the oppositely directed 
balancing forces. 

Using the rotating wall vessel as a tool, this data 
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provides the first evidence that shear stress response el- 
ements, which modulate gene expression in endothelial 
cells, are also active in epithelial cells. As the rotating 
wall vessel gains popularity as a clinical tool to produce 
hormonal implants it is desirable to understand mecha- 
nisms by which it induces genetic changes [31, 321, if we 
are to prolong the useful life of implants. We provide 
several lines of evidence that shear stress response ele- 
ments are the first mechanism identified by which the 
rotating wall vessel induces genetic changes. Using a 
putative endothelial cell shear stress response element 
binding site as a decoy, we validate the role of this se- 
quence in the regulation of selected genes. However, 
many of the changes observed in the rotating wall vessel 
are independent of this response element. The rotating 
wall vessel provides a quiescent culture modality char- 
acterized by near optimal 3-dimensionality, reduction of 
shear and turbulence, and cospatial relation of dissimilar 
cell types. It remains to define other genetic response 
elements modulated during rotating wall vessel culture, 
to delineate mechanisms of tissue differentiation and en- 
gineering in this vessel. 
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